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Description 



Control method and control device for an actuator 

The invention relates to a control method and a control device 
for a valve actuator, in particular for a piezoelectric 
actuator of an injection valve for an internal combustion 
engine, according to the preambles of claims 1 and 8. 

In modern injection systems for internal combustion engines, 
piezoelectric actuators are used as the final positioning 
elements for injection valves, allowing highly dynamic control 
of the injection process compared to conventional solenoid 
valves. The stroke of a piezoelectric actuator of this kind 
and therefore the valve position of the associated injection 
valve depends on the charge state, which means that the 
piezoelectric actuator must be charged or discharged according 
to the required stroke. 

In order to optimize the combustion process in an internal 
combustion engine, it is desirable that the fuel can be 
subdivided into several portions in a working cycle of the 
internal combustion engine. In order to be able to produce 
several pre-inj ections of very small amounts of fuel followed 
by a main injection as well as, if required, several post- 
injections in rapid succession using a piezoelectric actuator, 
the actuator must charge or discharge very rapidly to 
different charge states. Between the individual injections of 
a working cycle it must be possible for the actuator not to 
discharge completely, i.e. for the valve to be held in a 
minimally open position in order to allow a quicker response 
of the actuator to the next triggering and in order to avoid 
pressure gradients in the injector which would make a rapid 
succession of injections impossible. 
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It is additionally desirable that the actuator can be 
charged or discharged up to a particular stroke via 
intermediate positions in which the valve is partially open 
in order to eliminate noise interference and vibration -as 
far as possible and to minimize actuator or valve wear. 

For the electrical triggering of piezoelectric actuators 
according to the required stroke, DE 199 44 733 Al 
discloses a driver circuit with a transformer in which the 
primary side of the transformer is connected to a supply 
voltage via a charging switch, whereas the secondary side 
is connected to the piezoelectric actuator via a 
discharging switch. By means of suitable pulse width 
modulated triggering of the charging switch and discharging 
switch, the charge state of the piezoelectric actuator can 
be adjusted according to the desired valve position so that 
the injection valve opens or closes at the specified times. 
For triggering a particular actuator stroke for opening the 
valve to an intermediate state in which it is partially 
open, an actuator characteristic is taken into account 
which represents a relationship between the charge applied 
to the actuator and the stroke of the actuator. 

Although triggering the actuator to a particular stroke is 
possible with this method, the actuator must be completely 
discharged before the next opening cycle of the valve, the 
valve being closed in order to re-attain a defined initial 
state. This is necessary, as the actuator does not follow 
the same characteristic for discharging as for charging. 
The reasons for this are, for example, the system 
hysteresis of the actuator or parasitic resistances. 
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The object of the invention is therefore to precisely 
trigger piezoelectric injection valves in immediate and 
rapid succession to any required strokes in order to allow 
optimum injection sequences. It shall be possible to 
achieve these strokes via any triggering paths in order to 
be able to minimize noise emissions, vibration and wear. 

This object is achieved by a control method and control 
device for a piezoelectric actuator according to claims 1 
and 8 respectively. 

The invention is based on the physical knowledge that an 
actuator characteristic can be used not only for charging 
the piezoelectric actuator but also for discharging it, the 
actuator characteristics being linked via the system 
hysteresis. This means that it is possible, from any valve 
position, to directly trigger any other valve position. In 
order to enable this, the actuator characteristics and the 
hysteresis of the actuator must be precisely known in order 
to regulate the controller. The invention makes use of the 
knowledge that the actuator characteristics assumed by the 
controller and the actual hysteresis can change during 
operation . 

The control method according to the invention charges or 
discharges the actuator to different charge states, each 
corresponding to a valve position, the charging or 
discharging being controlled according to a specified 
control action corresponding to a specified setpoint value 
for the charge state. The control action is regulated as a 
function of a controlled variable reflecting the actuator' s 
charge state and/or the valve position. 
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The control action can basically be regulated as a function 
of at least one controlled variable, the abovementioned 
variables being only examples. Thus regulation in 
combination with various other controlled variables is also 
conceivable . 

The variables determined as part of regulation are 
preferably compared with a setpoint value. Thus the 
deviation of the measured valve position from the desired 
position, i.e. the deviation of the last 

charging/discharging process from the setpoint, can be used 
to match the parameters of the actuator characteristics used 
to the physical properties of the actuator and^ moreover, 
the setpoint /actual deviation can be compensated in the next 
charging/discharging process . 

The controlled variable is preferably determined in an idle 
time between two consecutive chargings or dischargings , any 
possible idle period between the triggering of different 
charge states being conceivable as a suitable time. This is 
advantageous, as it ensures that determination of the 
controlled variable does not take place in the time-critical 
range of the triggering. During high-speed triggering, 
precise measurement is in some cases difficult. 

Advantageously the control action is also adjusted in an 
idle time between two successive chargings or dischargings. 
This means that the triggering of a required charge state 
can take place extremely rapidly, as no regulation is 
necessary during triggering. The control action, in 
particular the actuator characteristic and the hysteresis, 
can be recalculated in an idle period within the time 
available . 
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In an advantageous embodiment, the control method is so 
designed that the actuator can also be charged and/or 
discharged to charge states corresponding to a partially 
open valve position. With the partial opening of the valve, 
pre-in j ect ions can be performed. It is additionally 
advantageous if, during triggering of the completely open 
state, intermediate states are attained at which the valve 
is held for a while in order to prevent noise and minimize 
vibration. By means of such a graduated opening or closing 
of the injection valve, the flow-dynamic processes can also 
be optimized for the injection process, an advantage of the 
control method according to the invention being that the 
valve position is still precisely known even after the 
triggering of a plurality of intermediate states 
(charging/discharging) . 

The voltage across the actuator or the actuator charge are 
preferably used as controlled variables. These variables 
can be determined in different ways. For example, the 
actuator voltage can be tapped off directly or also 
measured relative to a reference level if the actuator is 
terminated to ground with a resistor. The actuator charge 
can be obtained, for example, from the integral of the 
current pulses applied, both charging and discharging 
current having to be taken into account- However, other 
variables such as the actuator temperature are conceivable 
as controlled variables. 

Advantageously the control action for charging is 
determined by a specified charging characteristic. The 
charging characteristic can represent, for example, a 
relationship between the charge to be applied and the 
charging time. The greater the charge to be applied, the 
greater the charging time if the pulses are of constant 
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frequency. This relationship is in some cases non-linear 
if, for example, the magnitude of the current pulses 
decreases with increasing actuator charge. However, the 
charging characteristic can also represent a relationship 
between the charge to be applied and the number of pulses 
with which the actuator is charged, other relationships 
also being possible. The same also applies to the 
discharging processes, even if these are preferably 
determined by one or more different discharging 
characteristics. This allows the required valve positions 
to be triggered with high and adjustable speed. In 
addition, the charging/discharging process can be 
advantageously adjusted over time in a charging/discharging 
curve. For example, it is defined in the charging curve 
that the valve initially accelerates relatively slowly 
during the charging process and is decelerated relatively 
slowly at the end of the charging process, but is moved at 
high ispeed in between. Speeds of this kind which are 
variable via the charging/discharging process can be 
preferably controlled using pulse width modulation of the 
charging pulses. This can serve to prevent high pressure 
gradients. Various charging curves can also be used for 
different charging/discharging processes. By suitably 
selecting the shapes of the charging curves, noise 
emission, vibration excitation and wear during operation 
can be reduced. The charging/discharging characteristics, 
the actuator characteristics, the hysteresis and the 
charging curves can be retrievably stored in a memory unit. 

The controller can be regulated via a variation in the 
steepness of the charging/discharging characteristic. This 
could mean, for example, that for a particular charge to be 
applied, corresponding to a particular travel, more charge 
is applied per pulse. This can be advantageously adjusted 
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using pulse width modulation of the current pulses. 
Similarly, the actuator characteristics and the charging 
curves can also be varied. 

Alternatively, however, it is also conceivable to vary the 
shape of the charging/discharging characteristic. In 
precisely the same manner, the shapes of the actuator 
characteristics and charging curves can also be varied. 

The control action can also be determined by the charging 
duration and/or discharging duration of a 

charging/discharging process. If, for example, the actuator 
is charged at constant frequency with pulses of the same 
magnitude, a higher charge which is applied in a process 
can be adjusted by a lengthening of the charging duration 
corresponding to an increase in the number of pulses 
applied per charging process. By shortening the charging 
duration, the applied charge of a charging process is 
reduced. This applies analogously to the discharging 
process. In addition to the abovementioned possibilities for 
regulating the controller, other possibilities correspond to 
the inventive idea. In particular, combinations of the 
abovementioned regulation options can be used. 

In a particularly advantageous variant of the invention, 
external measured variables are also acquired for 
regulation. The term measured variables here refers to 
measured quantities outside the region of the actuator and 
its associated driver circuit. This can be, for example, the 
pressure at the injector or another measured variable from 
the region of the internal combustion engine. As the 
pressure at the valve can affect the actuator 
characteristic, it is advantageous if the controller is 
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regulated taking this variable into account. However, other 
controlled variables are also conceivable. 

Advantageously, the coolant temperature of the internal 
combustion engine or the oil temperature of the internal 
combustion engine are taken into account as external 
measured variables for regulating the controller. 

Many different variables affect the hysteresis behavior and 
the characteristics of the actuator, for which reason it may 
be advantageous also to use measured variables other than 
those mentioned here for regulation of the controller. 

Associated with the control method is an inventive control 
device for controlled charging and/or discharging of an 
actuator of the valve to specified charge states using a 
specified control action. For adapting the control action, 
the control device preferably has a regulator which is 
connected on the input side to the actuator or the valve, 
the controlled variable reflecting the charge state of the 
actuator and/or the valve position. Setpoint /actual 
deviations can be determined thereby and used for 
regulation. The regulator preferably has a memory unit in 
which previous charging processes and deviations are stored 
so that even information from earlier charging or 
discharging operations can be taken into account for 
regulation . 

Advantageously, a regulator using one of the determined 
controlled variables and/or the setpoint /actual deviations 
of a controlled variable as input variable is superimposed 
on the controller of the charging processes. 
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The regulator preferably uses idle times for discontinuous 
acquisition of the controlled variable and/or discontinuous 
adjustment of the control action. 

It is also advantageous to connect a sensor for acquiring 
the oil temperature or the coolant temperature of the 
vehicle to the regulator so that the latter can use one or 
more of these variables as controlled variables. These are 
only examples, input-side connection of the regulator to 
other sensors for acquiring other controlled variables may 
also be useful. 



Although the control method according to the invention lends 
itself in a particularly advantageous manner to pump-nozzle 
injection systems, the invention is also implementable with 
common-rail injection systems. In addition, the invention 
can also be used for gasoline direct injection (HPDI - High 
Pressure Direct I^njection) . 

Other advantageous developments of the invention are 
contained in the dependent claims or are explained below 
together with the description of the preferred exemplary 
embodiments of the invention with reference to the 
accompanying drawings, in which: 

Figure 1 shows a circuit diagram of a conventional 

driver circuit for electrical triggering of a 
piezoactuator with the control device 
according to the invention. 

Figures 2a-2c show three exemplary regulation diagrams for 

the control unit from Figure 1 and 

Figure 3 shows the control method according to the 

invention as a flowchart. 
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The driver circuit shown in Figure 1 is used for 
electrically triggering piezoelectric actuators of 
injection valves of an internal combustion engine, only one 
actuator CP being shown for simplicity's sake, even though 
a plurality of actuators corresponding to the number of 
combustion chambers are present in a multi-cylinder 
internal combustion engine. The actuators not shown are, 
however, of identical design and connected in parallel with 
the actuator CP, as indicated by the dashed lines. 



The actuator CP - like the other actuators (not shown) for 
the other combustion chambers of the internal combustion 
engine - are connected in series with a selector switch 1 
and a resistor Rl, the selector switch 1 consisting of a 
switching element SI and a diode Dl connected in parallel. 
The selector switch 1 enables one of the actuators to be 
-selected for a charging or discharging operation by 
through-connecting the relevant switching element SI while 
the corresponding switches for the other actuators 
disconnect . 



Power is supplied to the driver circuit by a voltage, 
transformer 2 which is buffered on the output side by a 
capacitor CI and, when used in a motor vehicle, is supplied 
with Vcc=12V from the vehicle electrical system. 
Alternatively, the invention can also be used in a 42V 
vehicle electrical system. 



Between the actuator CP and the voltage transformer 2 there 
is disposed a transformer 3 with a primary winding Wl and a 
secondary winding W2, the primary winding Wl being connected 
to the voltage transformer 2, whereas the secondary winding is 
connected to the actuator CP. 
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The primary winding Wl of the transformer 3 is connected in 
series with a resistor R2 and a parallel circuit comprising a 
diode D2 and a charging switch S2 . To charge the final control 
element, the charging switch S2 is triggered, for example, 
with specified frequency and specified duty factor in pulse 
mode using a specified number of pulse width modulated signals 
for the specified charging voltage. Alternatively, the 
charging switch S2 can also be triggered, for example, with 
variable frequency. During the conducting state of the 
charging switch S2, the current through the primary winding Wl 
increases and is cut off at a specified time by the charging 
switch S2 being opened (rendered nonconducting) . In this 
nonconducting phase of the primary side, there flows across 
the secondary winding W2 , in the case of a current 
corresponding to the turns ratio W2/W1, a pulse-shaped voltage 
which is smoothed by a capacitor C2 and which continues to 
charge the actuator CP with each current pulse until finally, 
after the specified number of pulses, a specified actuator 
voltage is approximately achieved. During charging of the 
actuator CP, the secondary circuit is closed via the selector 
switch 1. 

The secondary winding W2 of the transformer 3, on the other 
hand, is connected in series with a resistor R3 and a parallel 
circuit comprising a diode D3 and a switch S3. 

The actuator CP is likewise discharged by the discharging 
switch S3 being rendered impulsively conducting and 
nonconducting, thereby causing the actuator voltage to fall, 
the current flowing from the actuator CP via the secondary 
winding W2, the discharging switch S3 and the selector switch 
1 back to the actuator CP. 
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Each time the discharging switch S3 opens, part of the 
discharging energy is transmitted to the primary side 
of the transformer 3 and re-stored in the charging 
capacitor CI. The primary circuit is completed via the 
diode D2 . 

The selector switch 1, the charging switch S2 and the 
discharging switch S3 are triggered by a control unit 4 
which is only illustrated schematically here. 

In the version shown, said control unit 4 takes account 
of the charging current, the discharging current, the 
actuator current, the actuator voltage, the primary- 
side voltage as well as external controlled variables 
such as the oil temperature Toii and the coolant 
temperature Tcooiant- The control unit 4 therefore has a 
plurality of measurement inputs which are connected to 
the voltage-side terminals of the resistors Rl, R2 and 
R3 and to the voltage-side terminals of the primary 
winding Wl or secondary winding W2 and to sensors for 
determining the other abovement ioned variables. 

By way of example. Figures 2a to 2c show simple 
embodiments of the regulating circuit of the control 
unit 4 from Figure 1. The controller 5 receives a 
setpoint value Ssetpoint for the actuator position which 
corresponds to a valve position. The control unit 
charges or discharges the actuator 6 via the driver 
circuit from Figure 1 with a specified charging 
characteristic corresponding to the setpoint value 
Ssetpoint- For this purpose the controller 5 in Figure 2a 
uses an actuator characteristic which represents a 
relationship between the travel and the charge to be 
applied and a charging characteristic which represents 
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a relationship between the charge to be applied and the 
charging time Tcharge • After the charging/discharging 
process, the actuator 6 reaches the actuator position 
Sactuai which approximately corresponds to the target 
Ssetpoint- The difference AS between Ssetpoint and Sactuai is 
used by a regulator 7 to adapt parameters of the 
controller 5, in particular to adapt the actuator 
characteristic used to the actuator behavior 
determined. For example^ the same specified actuator 
travel is triggered in one of the following 
charging/discharging processes with another charge and 
correspondingly another charging time Tcharge- 

Figure 2b shows another simple regulating circuit. It largely 
corresponds to that in Figure 2a, except that the controller 
5' here uses a charging characteristic representing a 
relationship between the number n of pulses with which the 
actuator 6' is triggered during a charging/discharging 
operation and the specified charge. 

In Figure 2c, the actuator 6' ' is charged/discharged using 
pulse width modulated current pulses, thereby enabling not 
only the steepness of the charging characteristic or the 
duration of the charging process but also the shape of the 
charging characteristic to be influenced by the regulator 7''. 
In addition, an input for an external sensor signal is shown 
here by way of example. To regulate the controller, the 
regulator 1'' also takes into account the oil temperature Ton 
of the vehicle containing the control unit . 

Figure 3 contains a schematic flowchart of the control method 
according to the invention. A setpoint value Ssetpoint is 
specified for the valve position. The controller 5, 5', 5'' 
charges/discharges the actuator CP, 6, 6', 6'' according to 
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the setpoint value Sgetpoint using an actuator characteristic 
which creates a relationship between the required travel and 
the charge to be applied (positive or negative) . With the 
charge thus determined for the travel, the actuator CP, 6, 6' , 
6' ' is charged or discharged according to a specified 
charging/discharging characteristic, preferably using pulse 
width modulated current pulses. The position Sactuai actually 
reached by the valve is determined directly or from another 
variable such as the actuator charge. The positioning error is 
determined by comparing the setpoint value Sgetpoint with the 
actual value Sactuai- Said error is used to re-adjust the 
control action of the control unit. External controlled 
variables can also be taken into account here. The re-adjusted 
control action takes effect the next time the actuator CP 6, 
6' , 6" is charged or discharged to a new setpoint value 

Ssetpoint • 

The invention is not limited to the preferred exemplary 
embodiment described above. In fact a large number of variants 
and modifications are possible which likewise make use of the 
inventive idea and therefore fall within the scope of 
protection. 



